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ABSTRACT. The first topographic and ce motion maps of the north-western flank of
Hiclo Patagénico Norte (- PN, Northern Patagonia lcefield), in Chile, were produced us-
ing satellite synthetic-aperture interferometric radar data acquired by NASA’s Spaceborne
Imaging Radar C instrument in October 1994, The topographic map has a 10-m vertical
precision with a 30-m horizontal spacing, which should be suflicient to serve as a reference
for monitoring future mass changes of the cefield. The ice motion map is accurate to within
3 mm of motion per day (or 1 1 per annum). The 1adar-derived surface topography and
ice velocity are utilized to estimate the ice discharge from the accuinulation arca of four
c:__i,m_x,&e_.wvu:g:.cnx,_i:n::xm:ﬁ_E.«Im?_,_:,_:,coﬁﬂ_.«_a::.mx::x,?,z.;,_:., results

demonstrate the utilization of SAR interferometry for monitoring glaciological parameters

on a spatial and temporal scale unattainable by any other means.
INTROE JCTION

The Patagonian Ieeficlds are the world’s largest mid- atitude ice masses and account for over
60% of the southern hemisphere’s glacial arca outside of Antarctica, making this arca essen-

tial for understanding global glacier response to climate change, in particular the question

of north-south hemispheric synchronicity. Due to inhospitable weather and inaccessibility




of the outlet glaciers, there is a PAucity of glaciological datanecessary to assess the cornplex
dynamics of topography, metcorology,and glacier response (Warren and Sugden, 1993). At
present, topography mists foronlyafew graciers while no topogi aphy exists for the vast
interior of the icefields. Velocity 11as beenmicasured ononly fiveof theover 1 ()() glaciers

and these consist of oOnily a few single point measurements.

InOctober 1994, the Spaceborne Imaging Radar C (S R-C) colleciedthefirstinterferometric
SAR(synthetic-aperture radar) observations of thenorth-westernflank ot Hiclo Patagénico
Norte (HPN, Northern Patagonia Icefield) in Chile. The SAR data were successfully em -
ployedin double diflerence interferometry mode 10 produceboth a topographicmap of the
iceficld and a map of Surface displacements caused by ice motion. No topographic map
had previously been obtained for the icefield, and 1 he ice motion map although limited
Lo onc compon ent of ice motion - provides thousa nds of measurement points and direct
observations of strainrates. Muchof the background 011 the SAR interferometry technigue
cmployed to derive these glaciological products, along with a quantitative discussion of the
flow regime of Glaciar San Rafacl, are detailed inRignot etal. (1996). Here, we discuss
a larger regional coverage of SARinterferometry p roducts, comparcetherada r images with
photographs take n from the shuttie by astronauts, and present first order estimates of mass

flux from four glaciers, andcalving flux and mass balance of Glaciar San Rafacl.
STUDY AREA

Iigure | shows the study arca, 76 km by 33 kin insize, covered by the SIR-C instrument
on October! (), 1994 a a center locat ionof 46% 39.3" sout h, and 73° 50.5* West. Nort liis
43¢ right from the top of the scene. The SAR fimage is in slant-range geometry so terrain
topography appears slanted toward the radar illumi nation, here from the top. The SIR -
Cinstrument was flying at about 7.3 kmi/sfromleltto right, looking to its right. The

radar altitude was 215 kill, with a near range distance of 7277 km, corresponding to anean




incidence angle of the radar illumination of 42.77 at the center scene. Pixel spacing is 3.33 m
in range and 5.21 m in azimuth n the one-look data, averaged down to 31 mon he ground
in both directions after “multilooking” of the SAR cross-products (heve equivalent to the

yatial averaging of 6 x 6 image pixels). In this color composite inage, red is the radar

briehiness at C-band (5.6-cim wavelength), VV-olarization (vertical ransmit and receive
g )
polarization), blue is the radar brigh ness at L-band (24-cm wavelength) VV-polar zation,

and green is he sum of C-band and  ~band radar brightnesses.

The Liquine-Ofqui fault system runs diagonally across the entire scene, forming a straight,
massive, and abrupt mountain wall on the castern side of the Laguna San Rafacl. Glaciar
San Rafacl calves into the Laguna San Rafacl, a tidal connected to the Pacific Ocean
1o the North via Golfo Blefantes. Glaciar San Rafacl is the lowest Jatitude tidewater glacier
in the world, the only calving glacier of the PN, and one of the world’s fastest glacier
in a non-surge mode. Spectacular calving aclivity reigns at the grounded ice fron ., w th

terminal velocities exceeding 20-22 m/d (Naruse, 1985). s accumulation arca (585 kin?)

is the larges of the HPN (Aniya, 1988). Japanesc expedit ons conducted 1 the 19807

provided information on its summer ablation (Kondo and Yamada, 1988), accumulation

(Yamada, 1987), and climatology (I'ujiyoshi et al., 1987).

Glaciar San Quintin is located 20 ki south of Glaciar San Rafacl and is the sccond largest

glacier of the 11 °N, almost cqual in size to Glaciar San Rafacl, bu of very different glacio-

logical characteristics although in the same orographic situation. It forms a piedmont lobe,

5-10 ki wide, confined in a valley 30-km long, separated fiom the Pacific by a 5-km wide

outwash plain. Its abla jon arca is 402 km?, the argest of the 1 (26%), but its accu-
wulation arca is only 363 km? (Aniya, 1988). Moraine deposits left by carlier expansions

appear in he radar imagery as a 60-km long arc brighter han the su-rounding arcas. In

contrast to Glaciar San Rafael, which retreated drastically in the  970- 19807, Glaciar San




Quintin retreated modestly from 1944 to 1974 and 1as undergone no changes since (Aniya,
1988). Glacier thinning, however, is deemed to be considerable. These large d flerences in
retreal progression may be explained by the arger wasting front of Glaciar San Quintin (>

60 km, Figure 2) compared to that of Glaciar San Rafacl (< 3 k) (Aniya, 1988)

Glaciar Gualas and Reicher lay immediately north of Glaciar San Rafacl. Both glaciers are
in the same orographic si uation, terminate in pro-glacial lakes, and are undergoing rapid
retreat. An entire section of the ice front of Glaciar Reicher collapsed in 1993, leaving large

icebergs floating in its pro-glacial Jake (Wada and Aniya ,1995).

A 70 mm color photograph of he study area taken from the space shuttle by the astronauts
during the SIR-C mission is shown in Tigure 2. The photograph was acquired on October
10, at 4:20 pm local tiine, with clear skies, on orbit 169 of he space shuttle, whereas the
radar images were acquired on orbit 141, 157 and 173 of the space shu e at about 11:10
pm local ime. Flow lines of Glaciar San Ralacl arc clearly visible up to he high slopes
of Monte San Valentin., The flow lines of Glaciar San Quintin arce comparatively more
complica cd at low clevation where the glaciers breaks up into several wasting ronts. Bare
ice appears more blucish than the surrounding snow-covered glacier ice. The snow line is
about 1000-1200 m clevation. ligh mountain tops appear white, hence snow-covered, but

denuded of vegetation according to Chilean map

Comparison with Iigure 1 reveals that

the SIR-C data did not include a arge southern wasting front of Glaciar San Quintin.

The contral part of HPN and the higher reaches of Glaciar San Rafael and San Quintin
were hmaged during orbit 137 of the first mission of the SIR-C inst 'umen ., on April 7,
1994 (Figure 3). In this color composite image, red corresponds to C-band H1-polarization
(11 means horizontal lincar), green is the sum of T-band I and C-band 1, and blue s

band I -polarization. T'he arca covered is 37 km by 51 km in size. The radar illumination

is fron the left, with SIR-C flying fron top to bottom, looking to its left, with an incidence




angle of the illumination at track centerof 4 1°. Northis 55 1ight from the top o the
scene. A strong transition in rad ar backscatter is visible at high clevation (&= 1300 1) on
both graciers. Below that b oundary, radar returns are bright and presumably dominated
by surface scat tering from a rough layer of ice. T'he presence of bare ice at that elevation
is justified by the high ablat jon rates recorded on these glaciers in the sutnimer, with the
possible occurrenice of surface ablationup to 2000 1n clevation (Kondo and Yamada, 1 988).
Therough character of the surface below the radar backscatter 1 ransition is likely caused
by glacier crevassing initiated by faster valley flow fiomthe nearlylevel central part of the
icefield. Glacier crevassing is confirined by close examination of the hanid -heldphotographs
(I'igure 2). Above that transition, the overlaying snow is probably wet andsufliciently thick
and absorptive that rad ar signals ca nn ot interact with the underlaying ice. Radar re turns
are lower in magnitude because surface scat t ering from a layer of wetsnow produces low
radarrceturns. Radarreturns (10 notincrcascinmagnitudeathigher elevation as would 1) (|
expected in the presence of percolationfacies (Rignot et al.; 1993; Rignot , ] 995). The HPN
probably does not include percolation facies because the relati vely warmair-temperat ures
a n d the highrate of liquid prec ipitation both maint ain a high water co ntent of the snow

and firn(Yamada,l987).

METHODS

The radiation of the SIR-Cradar waves is inp hase, as fora laser instrument, andthe phase
of the returned waves is detected by the same antenna during slightly displaced repeat-passes
of the shuttle along the same path. The phase of each pixel element is proportional to the
travel time for the signals to and from the illuminated surface element, itsert a function of
the radar immaging geometry, the baseline separation hetween successive passes, and surface
clevation. Phases are sensitive to centimetri ¢ chianges in range distance, independent of the

size of individual pixelelements(severaltens of meters). When the surface is motionless and




theradarimaging geometry andbasclincare known, phase changesarc used to infer surface
topography. The precision of the derived topography depends on the bascline separation,
the radar wavelength, and phase noise (Zebker and Goldstein, 1 986). When the feature
is mobile, for instance a portion of a glacier, phasedifferences are also modulated by the
velocity of theimagedfealurealong theradarlooking direction. As the velocity modulation
is independent of the bascline, the measurement technique is severar orders of magnitude
more sensitive to surface motion (miller neter-scale) 1 hanit is tofixedtopography (Ineter-
scale). No recognizable surface features are needed to detect icemotion, and surface st rain
rates arce observed direct ly. Iixamples of rada r interfer ometry for A ntarctica andGreenland

arc given in Goldstein et al. (1993) and Rignot et al. (1995).

To separate fixed topography and glacier motion, two interferometric pairs are necessary.
It is then assumed that surface topography does 1101 change in hetween the two passes (at
the scale of scveralmeters)and glacier motion is continuous. ‘T'he principal difficultics of
thie technique are then to determine the baseline and to unw rap 1 he phiase values. The
shut tle ephemeris are typically not kniown better than 10-20 m, which is insuflicient for
interferometry applications. The baseline must therefore be estimated from the data, which
requires tic-points of known position, clevation and ace uracy., We used here the elevation
data fromthe 1:50,000” topographiciaps published by the Instituto Geographico Militar
in Chile, which provide cartographic coverage for the snow- free arcas. Theinterior of the
icelicld is blank due to the whiteness and absence of image details inthe aerial Photos. The
baseline parameters and theiralong-track gradients ( which are 11011- zero becausesuccessive
pathsare not parallel) were estimated in the least-s(luarc sense, withar.an.s.error of less

than a fewtens of centimeters.

The phasesrecordedby a SAR instrument are known 111ocivl o 2aandmusttherefore be un-

wrapped to be converted into absolute phases (G oldst cin et al., 1 988).Inarcas of low phase
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coherence, which means phase noise is high, phase unwrapping is diflicult or even impossi-
ble. Phase coherence is typically low in arcas shadowed from the radar illumination (slopes
facing away from the radar illumination), or where radar ranging is ambiguous (slopes fac-
ing e radar illumination). Phase coherence is also Jow when  he surface properties change
significantly in hetween successive passes, for instance as a vesult of surface mel 1 our
imagery, phase coherence was very high on snow-free errain high on he icefield and snowy
mountain tops, moderate in regions of high strain rates (side margins of Glaciar San Rafacl,

icefalls) and low in regions of intense surface melt (icc fronts). As a result, data gaps exist

in the topographic and ice velocity maps  Tor example, near the terminus of Glaciar San
Rafacl, phase coherence was too low for interferometry applications, presumably a resul
of complex ice otion (rotation of ice blocks), enhanced surface et and intense glacier

cl o observe ice velocity a he calving front, a repea -pass cycle of less than 24

hours would have been necessary.

S J TS

Surface Topography

A color composite image of the SAR-derived surlace topography of the north-western flank
of 11 °N obtained using the L-band data (24-cm wavelength ) is shown in Figure 4. ue and
saturation are proportional to the inverse of the height, and intensity is proportional to the

radar brigh ness a 1-band

Irror sources that corrupt the height estimates include uncertainties in range distance

(atmospheric delays, system clock jitter, etc.), baseline parameters, and platform altitude

and attitude. The dominant error source in his application however was phase noise, oy,.

The corresponding uncertainty in surface heigh ., oy, is

A cos 6
oy = - 0y




where X is the radar wavelength (24 cn), R is the range-distance (277 km), 0 is the angle
between the radar illumination and the horizontal plane (47"), andf3, is the component of
the baseline separation that is perpendicular to the radar looking dirvection (40 m). Phase

noise depends on the sig nal-to-noise ratio (SNR) and phase coherence according to,

1 VT -+ «

04 = N R where, 7 = T AN T (2)
N is the number of 100ks of the interferometric phiases (36), 4 is the phase coherence
cocflicient (between 0 and 1), and a is the product of the geometric correlation coclficient
(=~ 1 because Iy is small) and the temporal correlation of the signal (& 0.8 for the icefield).

With N = 36, SNR = 10 dB, and a = 0.8, we obtain o4 = 0.12, yielding o), = 11 m.

Locally, larger errors may exist for lower SNR and /o1 lower phase coherence.

Tor comparison, over relatively frat portions of the icefield, we foundanran.s. error in
surface height of about 1 () m 011 a pixelper pixel basis, consistent with the theoretical error
estimate. Much smaller errors in height would have been obtained with larger values of 1y,
here too small because the shuttle orbits were repeated somewhat too accurately, Wit h
large basclines (1 ()()-1 000 m), although phase noise wouldnolongerhe the dominantsource

of error,thetechnigue is capable of ]ncter-scale precisionintopographic height.
Ice Motion

Similarly, the uncertainties in interferometric velocitios arc influenced by a nummber of fact ors
JY .

that include uncertainties in range distance, uncertainties in baseline gradient, and phase
noise. Phase noise here dominates, resulting in a velocity noise, oy,

A
Ty = 0y (3)

Using the saine nuinerical values as show, wefinda, of theorder of 2 111111/7d. Actual
velocity profiles reveal aran .s. error of about 3 nun/d (or 1 m/a), consistent with the

above theoretical estimate,




IFigure 5 shows a map of interferometric velocities over the glacier ice portion of thescene.
Non-glacier arcas were masked outl o simplily the presentation since they essentially cor-
respond to noisy arcas of no-motion. The velocities are absolutely veferenced since phase
wnwrapping was Performed aeross arcas of no motion. The largest velocitios are recorded
over Glaciar San Rafacl, where the data reveal the presence of a icestreamor a portion
of the glacier moving at 1arge speeds fromthecentiar part of theicefield and surrounded
by slower movi ng ice, not by rock. The flow lines scenin I tigure 2 reveal that stream flow

initiates well inside the interior of the icefield.

These interferometric velocities only corresprond Lo one component o ¢ jee motion, that
aligned with the radar looking direction. To obtaina full three dimensional descripti on
of ice motion (in the absence of other image pairs acquired at dillerent track angles), we
assumedice flows paralleltotheice silrfed(c, and flow divection is parallelto the valley walls
or given by the flow Jines. The first assumption is justified by the fact that horizontal ve-
locities (& 1m/d)areseveral orders of magnitude Ta rger th an the estimated thinning rates
(< several m/a). Surface slope and jncidence angle of the radar ilumination are computed

from the SAR-derived topographic maps.

" I'he resulting horizontal velocity profiles of four out let glaciers along their center-line are
shown in Iligure 6. Ice velocity exceeds 2.5 m/d at high clevation for Glaciar San Rafacl,
increasing dramatically 5 km frorn theice front as the glacier ent ers the narrow terminal
valley. Longitudinalstretching of the gracier exceeds 1 a™ in the terminal valley. Ice
velocity, measuved by tracking of crevasses over a three-day period in the portion of the
terminus where phase colicrence was lost, reaches 17 m/d at the calving front. Incontrast,
Glaciar San Quintin moves at 1 n/dat high clevation, reaching a ma ximum of 2.1 m/d at
minimum glacier width, and steadil y decreasing toward its western wasting front to near

zero velocity, Most of the reduction in flow speed ocoqurs inless tha n 2 ki, corresponding

9




! consistent with values recorded onother ablation

to alongitudinal compression of 0.2 a~
glaciers (Paterson, 1995). The decrease inice velocity downslope is aso an expected pattern
of ablation glaciers. Glaciar Gualas and Reicher also start up with high velocity values below
ice falls (1m/d), decrcasing rapidly towa rd the ice fronts. Ice velocity i nercasesinarcas of
nar rower ice flow and decreases inarcas of wider ice flow, consistent with the maintainance

of ice discharge throughout the glacier valley. No interferometric velocities were avail able

inthe lower reaches of both glaciers duetoa loss of phasecoherenceinthose regions.
lce Discharge

To estimate the ice discharge across a glacier section, ice thickness and basal velocities
must 1) (1 known. lce thickness has never been measured o011 these four glaciers and basal
velocities arc unknown. Observations of Glaciar Soler on the castern side of 11 PN however
demonstrated that basal sliding is a significant contributor to glacier motion (Naruse ot
al., 1 992). These observations arc consistent with the warm climate of these regions which
should maintain high rates of plastic deformation and melt water productionwhichshould

enhance basa sliding.

‘1'0 estimate ice thicknessfromthe velocityand sinrfilce slope data, weused a lll odelcom -

bining deformation velocity and sliding velocity. Deformation velocity is modeled as

Tdqy,
Ug = -+ -y [';1‘]' 1 4)
where Uy is the mean velocity along a transverse profile, n == 3is the flow law parameter,

A is the colummn-averaged flow constant, and 74 is the driving stress

¢ = pgH sin g (5)

where p = 900 kg m~? is the density of ice, g = 9.8 m s*?is the acceleration of gravity, 3 is

the surface slope computed fromth e SAR-derived topographic map, and Il is the unknown

10)




Mass Balance of Glaciar San Rafael

The ice discharge of Glaciar San Rafacl (1.66 -1.0.2 kim®/a) was compared 10 ice removal by
surface ablation and by calving to determine its mass balance. To estimate total ablation,
we assumed surface ablation decreased lincarly from 6 cin /d at sca-level to () cn/d at
1200 m elevation hased on the spring and suminer mcasurements of Kondo and Yamada
( 1988). I'rom the histogram of SAR-derived clevation data of the glacier, we obtained a
total ablationflux of 0.67 4 ().2 kin®/a. The uncertainty in total ablation reflects the fact

that winter sul’face ablation has never been measured near Glaciar San Rafacl.

Thecalving flux of Glaciar San Rafacl was estimated by Warren et al. (1 1995) to be greater
than ().74 km®/a based on vi shill observations of calving events, and 1.9 :10.2kim®/a based on
anassumedmean calving speed of 4000-4800" m/a, amecanterminus thickness of 180 mand
a meanchannelwidt nof 2400 m. " I'he discrepancy bet ween these twonumbers is verylarge
and unsatisfactory for our estimation of mass balance. 770 better estimate calving speed,
we tracked crevasses wit hina | 00 m of t he calving {vont bet ween the first i mage collect ed
by the S11{-(! instrument o11 October 8,1994 and th e fourth image acquired on Qctober
11, 1994, or 3 days later. On both dates, the C- and L-band image data were incoherently
averaged toget her to produce animage file with a noise level reduced by two. The position
of fsets were determined using Fourier transforins by detecting t he peak in correlation of
the two image data to within 1/32 th of an image pixel in both range and azimuth, The
resulting velocity profile at the calving frontis shownin Iigure i'. (Calving velocity averages
8.74 1 Jm/dalong the 2.48 kimnlong transverse profile, with a |mn/d uncertainty due to
amplitude noise, not to image mis-registration.  Assuming amecan terminus thickness of
180 4 30 m, a mean calving speed of 3193 4370 m/a, and no ice frontal change (Wada and

Aniya, 1995), we obtain a calving flux of 1,43 40. 2km*/a.

The resulting mass balance of Glaciar San Rafacl, calculated as the ice flux from the accu-
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mulation arca minus the ice flux from surface ablation and minus the ice flux from calving
(neglecting melting at the glacier 1d), is negative and equal 10 ().44 4 0.3kin*/a, corre-
sponding to a mean thinning rate of 2.5 42 m/alor the entire ablati on arca (175 km?),
This thinning rate is consistent with the 4(1 m thinning rate reported between 1944 and
1983 (1 mm/a) by Aniya (1988). Although the uncertainties in cach component of the mass
balance are large, the first order estitmate of the mass balance of Glaciar San Rafacl seems to
confirm its thinning trend. Overall; the net balance over the accumulation arca of Glaciar
San Rafacl is -3 m/a water equivalent (:t 0.5 m/a), the mean net balance in the ablation
arca is about -4 m/awater equivalent (4 0.5 m/a), and 2/3 of the accumulation is released

as calf ice and icebergs.
CONCILUSIONS

This study demonstratg the use of L-band SAR interferometry 10 monitor glaciological pa-
rat neters on a spatial and tem poral sc ale unach ic vable by any other mea ns . Long term
mass changes couldbecalculated directly froma time series of high resolution SA R-derived
topographic maps acqu ired over several yea rs. Maps of ice motion provide instantancous
information on ice flow dynamics and strain rates which can be used to estimate driving
stress and ice discharge from calving glaciers, other glaciers, and interior ice at an unprece-
dented level of spatial details. At the calving front. very short repeat- cycles are required
t o circumvent the limiting cffects of surface melt and rotation of ice blocks. Iu the ex-
treme situation of a temperate, fast-moving, tide-walw glacier like Glaciar San Rafacl, the
repeat-cycles need to be 1ws than 24 hours, and perhiaps as low as 6 hours (regions whiere
ice velocity > 5m/d do not correlate, while calving speed jnay exceed 20 111/d). 1f these
conditions are not met and millemetric precision in velocity is not a requirement, feature
tracking technigues can still provide a co mplementary mmcan of measuring calving speed, as

demonstratedin this study.
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A more extensive interferometric characterization of hoth iceficlds will he attempted using
SAR data collected by the Buropean Space ABeney g J5RS-1 JIERS-2 SAR tandem mission,
which operates a C-band systemm at a one-day repeat -pass cycle. PPhasce coherence of the
C-baud data is likely to be too low at the margins of the Patagonia lcefields, but could
be high enough in the vast interior of the iceficlds where daily surface changes are less
dramatic. In the dryer and colder Greenland and Antarctic climate, these constraints will
certainly be relaxed, and SAR interferometry should be a Mhiore widely applicable remote
sensing technique to measure Meter-scale topography and millemietric daily strain rates of

glacier ice..
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1.ist of Figures

Iigure 1. Color composite image of a scencimaged by the s11¢-¢; instrument o011 October
10,1994 over thenorth-westernflank of 111'N. C-band is red,l-bandis blue, and the sum
of C- and 1,- bandis green. The immage size is 76 km by 33 k. Pixel spacing is 31 m.

Iigure 2. land-held photograph of the 1l PN { aken by the ast ronauts from the shuttle

during the sccond mission of the SIR-C instrument. ‘17110 arcacovered by the photo is about
79 km by 60 km.

Figure 3. Color composite image of the central part of HPN imaged by the SIR-C instrument
on April 14, 1994 during its first mission. C-band is red, L-band is blue, and the sum of C-
and 1-band is green. The image size is 33 km by 51 km.

Iigure 4. False color composite image of the surface topography of thenorth-wegtern flank
of 111°N inferred using SIR-C L-band interferometry data acquired i n October 1994.

Figure 5. Talse color composite image of interferometric velocities in the radar looking
direction of the north-western flank of HPN inferred using SIR-C L-band interferometry
data acquired in October 1994, Ice motion away from the radar direction (< - 6 cm per
day) is colored purple. Low ice motion (< 4 6 cn/d) is colored blue. Large ice motion
toward the radar direction is color coded light blue (6 to 20 em/d), green (20 1o 45 em/d),
yellow (45 1o 85 ¢cm/d), orange (85 1o 180 cmn/d), and red (> 180 cm/d). Non-glacier arcas
are represented in grey scale based on the radar brightness of the terrain at L-band.

Figure 6. (a) Horizontal velocity (continuous line) andclevationprofile (dotted line)along
the center-line of Glacdi ar San Rafael as a function of the distance to the ice front. Addi -
tional veloci ty Measurements (squares) were obtained from feat ure tracking of crevasses to
complete the interferometricmeasureinents. Same observations for (b) Glaciar San Quintin,
(¢) Glaciar Gualas, and (d) Glaciar Reicher.

Vigure 7. lee velocity of Glaciar San Rafacl versus cumulative distance along the calving
front obtained from tracking of crevassesin SIN-C SARinagery acquired 3 days apart.

16




Table 1. ELA from Aniya (1988), altitude 2 of the transverse velocity profile extracted for estimat jon

of ice discharge, meanvelocity Uacross theprofile,nican surface slope /3, glacier widt h W, calculated
ice thickness I, calculated driving stress at surface 74, and calculated ice flux 1.
lcick laciar ]“]21('f.éll' Hlacjar
San Rafacl (l]l )umlm wualas teicher
LA a1y 1200” 1200 7[)0900 X50-95( |
h o 1230 500 870 1020
Uand! 2.2 1.3 0.83 1,25
4 (radian) 0.06 0.037 0.055 (.04
W ain 4.7 3.8 18 1.3
I (m) 4504-30 590:4 35 300+ 30 3704 30
T4 (K] Q) 220420 190420 145420 1104 10
F(km*a 1) 1.74.0.2 >0.94 (.4 0.254 ().05

0.25:10.05
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